In contact-less printing, such as piezo-electric drop on demand printing used in the study, the drop formation process is independent of the substrate. This means that having developed a printable formulation, printed pharmaceutical dosage forms can be obtained on any pharmaceutical grade substrate, such as polymer-based films. In this work we evaluated eight different oral films based on their suitability as printing substrates for sodium picosulfate. The different polymer films were compared regarding printed spot morphology, chemical stability and dissolution profile. The morphology of printed sodium picosulfate was investigated with scanning electron microscopy and optical coherence tomography. The spreading of the deposited drops was found to be governed by the contact angle of the ink with the substrate. The form of the sodium picosulfate drops changed on microcrystalline cellulose films at ambient conditions over 8 weeks and stayed unchanged on other tested substrates. Sodium picosulfate remained amorphous on all substrates according to small and wide angle X-ray scattering, differential scanning calorimetry and polarized light microscopy measurements. The absence of chemical interactions between the drug and substrates, as indicated by infrared spectroscopy, makes all tested substrates suitable for printing sodium picosulfate onto them.
Introduction
In the past decade printing has advanced to an enabling technology in many fields of science and engineering (Berthuy et al., 2016; Kastner et al., 2017; Li et al., 2016; Wittbrodt and Pearce, 2017) . This trend has also arrived in pharmaceutical manufacturing research since printing of medicines has some specific advantages over other technologies (Boehm et al., 2014) . Printing enables a versatile adjustment of the dose by varying the amount of the printed ink which contains the API. Furthermore, it offers the possibility to print a combination of inks and therefore APIs onto a single dosage form to enable personalized drug delivery (Alomari et al., 2015; Planchette et al., 2016) . Additionally, the printing process is largely independent from the substrates used when contactless technologies such as ink jet printing systems are used (Daly et al., 2015) .
Although inks containing API(s) can be printed onto a wide range of substrates, the substrate attributes such as disintegration time, wettability and mucoadhesion are crucial for the performance of the final dosage form and must be adapted to the intended administration route and desired drug release profile. For printed oral films the gastro-intestinal and oromucosal delivery are the primary options . Films designed for the gastro-intestinal route can either be orodispersible or placed into a capsule targeting the gastro-intestinal tract (Fraser et al., 2013; Pardeike et al., 2011; Preis et al., 2015) . Classically used substrates are edible films such as potato starch and rice paper, icing sheet, pure HPMC films, chitosan films or cast films with polymers and plasticizers used in pharmaceutical products (Buanz et al., 2015; Genina et al., 2013; Hsu et al., 2013; Janβen et al., 2013; Vakili et al., 2016) . Planchette et al. (2016) also printed onto commercially available pharmaceutical orodispersible substrates such as Tesa RapidFilm® (Tesa Labtec GmbH, Langenfeld, Germany) and two MCC films (Cure Pharmaceutical Corp., Oxnard, USA). While it is known that substrate properties like disintegration time, wettability and mucoadhesion influence the patient acceptance, less attention has been given to the interactions of the substrate with the drug. Yet, these interactions are expected to govern the distribution of the printed ink, to possibly cause chemical binding or degradations and to impact the solid form of the drug. Since the solid state form of the drug, crystalline or amorphous, influences the solubility and therefore bioavailability, it is of utmost importance to control it (Lust et al., 2013; Martínez et al., 2014) . Classically, this is achieved by employing appropriate excipients inhibiting crystallization (Edueng et al., 2017; Zhang et al., 2014) . In printed medicines, it is a crucial point since the manufacturing starts from liquid inks -often containing dissolved APIs. To avoid unwanted API solid states, a strategy consists in employing a substrate that prevents their crystallisation.
The aim of this study was to investigate the influence of printing substrates on the solid form and morphology of ink jet printed sodium picosulfate. Tested dosage forms were produced by printing SP (Sodium Picosulfate) onto 8 substrates typically used for oral delivery. The composition of each substrate is detailed in Table 1 of the supplemental information. Beside two commercially available substrates, two microcrystalline cellulose (MCC) substrates differing in excipients other than MCC plus two HPMC and two gelatin films both with and without titanium dioxide were studied. Investigated substrate properties were roughness, wettability and chemical composition and the influence thereof on dot size, dot shape, solid state and extractability of printed SP.
Materials and methods

Films
Eight different substrates have been investigated in this work. Films fabricated from HPMC, HPMC plus 2% TiO 2 (HPMCT), gelatin (GE) and gelatin plus 2% TiO 2 (GET) were provided by Capsugel (Colmar, France). Hydrophobic and hydrophilic microcrystalline cellulose (pMCC and yMCC, respectively) films were made available by Cure Pharmaceutical Corp. (Oxnard, USA). Tesa RapidFilm® (Tesa) was provided by Tesa Labtec GmbH (Langenfeld, Germany). Listerine PocketPaks Breath Strips (List) (Listerine®, Johnson & Johnson, New Brunswick, New Jersey, USA) were purchased. A table presenting the compositions of the films can be found in the supplemental data. All the other chemicals used were of analytical grade. Furthermore, the substrates surface density was measured by weighting samples of 10 × 30 mm 2 and was found to be between 110 and 140 µg/mm 2 for all substrates.
Ink formulation
Sodium picosulfate (SP) was purchased from Chemos GmbH (Regenstauf, Germany). An aqueous solution of SP with a concentration of 200 mg/ml was prepared by dissolving the API in purified water (MilliQ, Millipore, Darmstadt, Germany) and a subsequently filtering with a 0.45 µm Nylon syringe filter (Roth GmbH, Karlsruhe, Germany). This ink formulation has been used for all the experiments described in this work.
Printing
The samples were printed with a piezoelectric printer with a borosilicate glass piezo dispensing capillary with an orifice diameter of 80 µm (SciFLEXARRAYER S3, Scienion GmbH, Berlin, Germany). SP was jetted onto the eight substrates at a peak voltage of 83-86 V, 300 Hz and a pulse of 50 ms forming drops with an average drop volume of 430 pl for a standard deviation of 1.5% (Planchette et al., 2016) except otherwise specified. Different patterns were printed for different testing methods. The drops were deposited in squares of 5 × 5 mm 2 with a varying number of isolated spots per square. For optical coherence tomography, scanning electron microscopy and polarized light microscopy measurements: 100 (10 × 10) spots, separated by 500 µm and consisting of 20 drops per spot were printed corresponding to a total ink volume of 860 nL and a total dose of 172 µg of SP for approximately 3500 µg of substrate. For HPLC and SWAXS measurements, printed samples consisted of 625 (25 × 25) 
Scanning electron microscopy
SEM images were taken with a JEOL JSM 5600 (JEOL Ltd., Tokyo, Japan) with an adjusted acceleration of 7 kV. Before analysis the samples were prepared by aluminum sputtering in vacuum. The eight substrates were imaged before printing, just after printing and after printing with a storage period of 8 weeks at room temperature and humidity.
Optical coherence tomography
A spectral-domain (SD-)OCT system was used to create 3D images combining 512 depth-resolved cross-section images (OCT Pharma 3D, Phyllon GmbH, Graz, Austria). A SLD Broadlighter was used as light source. The following settings were used during acquisition: central wavelength of 830 nm, full width at half maximum (FWHM) bandwidth of 75 nm, lateral resolution of ∼10 µm, axial resolution of ∼4 µm, and single depth-scan acquisition rate of 30 kHz (Markl et al., 2014) . The dosage forms obtained on the eight investigated substrates were imaged just after drying of the printed ink and after having been stored for 8 weeks at room conditions.
Polarized light microscopy
Microscopy images were obtained with 4× magnification (SENTE-RRA II, Bruker Optic GmbH, Ettlingen, Germany). A U-PO3 polarizer slider and U-AN 360-3 rotable analyzer slider (Olympus, Tokyo, Japan) were used to create polarized light images. A THMS 600 hot stage was used from Linkam (Linkam Scientific Instruments, Tadworth, UK). Hot stage microscopy was conducted in two stages: 100 K/min from 20 to 100°C, 10 K/min from 100 to 300°C with stable temperatures at 140, 180, 250 and 300°C to take a picture for 1 min. The dosage forms obtained for each of the 8 substrates were imaged just after drying of the printed ink and after having been stored for 14 days at 40°C.
Contact angle measurement
The sessile drop method (EasyDrop, Krüss GmbH, Hamburg, Germany) was used to measure the contact angle (liquid/solid interface) made by a 1 µl SP ink drop (diameter 1.24 mm) placed on the film surface. All measurements were made tenfold, at room temperature, within 30 s after drop deposition and the average values were calculated.
Differential scanning calorimetry
Differential scanning calorimetry (DSC) measurements were performed using a DSC-204 F1 Phoenix (Erich Netzsch GmbH & Co.
Holding KG, Selb, Germany) on freshly printed samples with a mass of about 2.5 mg of sodium picosulfate on a surface area of 5 mm 2 creating a total sample weight of about 5.0 mg, at a heating rate of 10 K/min, and at a temperature range from room temperature to 310°C.
2.9. Small-and wide-angle X-ray scattering Small-and wide-angle X-ray scattering (SWAXS) measurements were conducted using a SWAXS-Hecus S3-Micro system (Hecus X-Ray Systems GmbH, Graz, Austria) operating at 50 kV and 1 mA. Samples consisting of approximately 800 µg of SP on 3500 µg of substrate were measured in transmission mode with Wolfram 27050 µm filter position for 30 min. The scattering angles were from 0 to 9°and 18 to 27°for SAXS and WAXS, respectively.
Temperature resolved SAXS measurements were performed using a point-focusing camera system with a DSC (MicroCaliX, Bruker AXS, Karlsruhe, Germany) powered by a Cu micro-source with a wavelength of 1.542 Å at room temperature (20°C), with a real space resolution range from 10 to 100 Å. The sample was heated with a heating rate of 5 K/min and from room temperature to 180°C. The measurements were conducted from 80 to 180°C and each measurement was taken for a range of 20 K equivalent to 4 min measurement time.
Content analysis of printed API
SP was extracted from the dosage forms consisting of printed and dried ink on the substrates. The substrates were cut to 2 × 3 cm 2 strips and 0.05 ml of the SP ink with a concentration of 200 mg/ml were deposited onto the substrates resulting in approximately 9 mg of SP on 85 mg of substrate. Dosage forms made with each of the eight substrates were investigated just after production and after storage for 14 days at 40°C. The extraction was carried out in 10 ml of aqueous 2% acetonitrile solution at room temperature (RT) and 200 rpm for 2 h. Gelatin samples were extracted at 42°C. The extracted samples were centrifuged instead of filtered and 20 µl was injected into the HPLC. SP content of the printed samples was determined by using HPLC with UVdetection. Flow rate was set to 0.6 ml/min, injection temperature to 20°C, column temperature to 30°C, and detection wavelength was 264 nm. A 98:2 mixture of 10 mM ammonium format buffer pH 3 and acetonitrile was used as mobile phase for 8 min with a pulse of 5:95 mixture for 10 s and 98:2 up to 14 min. A Waters Alliance 2695 (MassLynx) (Waters Cooperation, Milford, MA, USA) equipped with a 100 RP-18 endcapped column (Merck, Supersher 100 RP-18 endcapped column, LiChroCART 125-4 + Guard Column 5 µm) was used. Linearity was proven for concentrations between 60 and 100 µg/ml with R 2 = 0.9999. All measurements were performed in triplicate.
In vitro evaluation of drug release
Drug release tests were performed in 250 ml phosphate buffer pH 6.0 (buffer formulation according to Ph.Eur. 6.2 dissolution test for medicated chewing gum EMA, 2013), 37°C and 50 rpm (Garsuch and Breitkreutz, 2009) . A USP type 2 apparatus (DT820LH, ERWEKA GmbH, Heusenstamm, Germany) was used to conduct the tests. The samples, SP printed onto the eight substrates, stored at ambient conditions for a maximum of three days after printing, were placed into the dissolution medium and 1 ml was removed at predetermined time intervals. The buffer was replenished to maintain the original dissolution volume of 250 ml. The withdrawn samples were centrifuged at 15.000 rpm, 20°C for 10 min, to remove residual particles and the SP concentration was determined using the HPLC method described in 2.10. All dissolutions were carried out in triplicate.
ATR-FTIR
A VERTEX 70 FTIR (Bruker Optic GmbH, Ettlingen, Germany) with a MIRacle™ ATR (PIKE Technologies, Madison, WI, USA) was used to measure infrared spectra of the films, API powder, and printed samples right after production and after storage for 14°C at 40°C. For MCC films, further measurements were performed using physical mixtures of the films and API powder. In order to create the physical mixtures, films and SP (1:1 wt ratio) were pestled in a porcelain mortar. Per measurements 64 spectra were recorded at a spectral range of 600-4000 cm −1
. All measurements were performed in triplicate.
Results
Morphological investigation using SEM
SEM pictures of all eight substrates were taken before printing, after SP spots were freshly printed ( Fig. 1 ) and after storage at ambient conditions (19-25°C, 40% RH ± 20% RH) for 8 weeks (Fig. 3) . The substrate surfaces can be classified as rather smooth or rather rough. List, the gelatin and HPMC films are smoother than the Tesa and MCC films appeared to have rougher surfaces. yMCC was found to be porous (Planchette et al., 2016) which was even more apparent once SP was printed onto the substrate (Fig. 1) .
The roughness of the surface had an influence on the shape of the ink drops. On the smooth films the drops formed spots with smooth edges, as on HPMC or gelatin films. In contrast and as expected, irregular spot shapes were observed on rough substrates due to the pinning of the contact line at the physical and chemical irregularities (Quéré, 2008) . Spots edges were found to follow the structure of the film as it can be seen for the MCC substrates (Fig. 1) . SP spots formed irregularly shaped edges on Tesa as well. The irregularities of the SP spot edges were smaller than on the MCC films which can be explained by the smaller magnitude of the surface roughness on the Tesa film. Further to the edges of the spots, the different films influenced the size of the ink spots as well. Fig. 2a shows S m the average spot areas of SP ink printed onto the different substrates as a function of their contact angle. In general, SP ink formed smaller sized spots with increasing contact angles and therefore, decreasing wettability of the substrates. Knowing the volume V of each spot and assuming that the substrates are nonporous and non-dissolving solid surfaces, we derive the theoretical diameter of the printed spots, d theo , by applying the volume conservation principle to a spherical cap with a contact angle θ. The detailed derivation is given in the supplementary material. We obtain for both hydrophilic (θ < 90°) and hydrophobic (θ > 90°) substrates:
(1)
the predicted values obtained with Eq. (1) on Fig. 2b . The results are in good agreement except for the List and the HPMCT films where SP drops were bigger than their contact angles would suggest. The discrepancies could originate the local dissolution of the films. If the dissolution kinetics is fast with respect to the typical evaporation timescale of one spot, the effective volume of liquid material V eff will be larger than the one of the deposited ink V. The size of the spot will consequently be increased by a factor of (V eff /V) 1/3 . Additionally, some components of the films (surfactants/surface active particles) could be solubilized/dispersed in the freshly printed spot and promote its spreading. As the spot volume is approximately 100 times smaller than the volume of the drop used for contact angle measurement, this effect could have been underestimated. Further investigations would be needed to test these two hypotheses. Finally, possible spot coalescence was attributed to contact between adjacent spots. Here, the spot spacing is set in the printing pattern and remains unchanged for all samples. Thus, the probability of neighboring spots to merge increases with increasing ability of the spots to spread and consequently increases with increasing substrate wettability. Experimental observations confirm this interpretation. Indeed, on GE, HPMCT, HPMC and List drops coalesced with neighboring drops and formed double, triple and even quadruple drop spots. The phenomenon is especially pronounced for List, where the theoretical spot diameter after spreading, d theo reaches 500 µm -the set spot spacing value.
Samples printed under the same conditions as those shown in Fig. 1 were investigated with SEM after storage at ambient conditions for 8 weeks (Fig. 3) . Some of the drops have a rougher surface after storage than before (see Fig. 1 ). Further investigations with polarized light microscopy, DSC and SWAXS were conducted to determine whether these changes in roughness can be attributed to a change in the solidstate of the API (crystalline or amorphous). The most significant changes could be observed for the samples with SP on MCC films. SP dots were no longer visible on these films after storage at ambient conditions for 8 weeks (images not shown). The disappearance of SP dots was further investigated by content analysis with HPLC and ATR-FTIR measurements. Fig. 4 depicts OCT images of SP printed on different substrates. The cross-sectional OCT images were acquired at the center of several adjacent spots. The substrate is visible on the lower half of the images whose width corresponds to 3.12 mm, arrows indicate the location of spots. The dots were visible in all OCT images except for yMCC film, the most porous substrate. Similar to the SEM images of List, the spreading of the SP can be observed in the OCT image. The higher contrast of the substrates in Fig. 4 d and f (substrate with TiO2) compared to c and e (substrates without TiO2) is the result of scattering losses induced by TiO2, which are known as highly scattering particles (Lin et al., 2017) .
Interfacial tomographic analysis by OCT
The main difference between fresh samples and samples after storage can be observed for SP printed on pMCC (Fig. 5h) , where the dots disappeared. This mass transport might be driven by diffusion caused by environmental humidity. However, the dots printed on the other films are broader and thus the SP spread on the substrate.
Morphology and amorphous state with PLM
Images taken with a light microscope support the observations from the SEM and OCT measurements (Fig. 6 for Tesa, HPMC, pMMC and GET; supplemental information for the other substrates). SP spots tended to coalesce on HPMC, HPMCT, and List, formed smooth surfaces on GE and GET and ridges and folds on Tesa, HPMC, and HPMCT. SP did not show any morphological changes after storage at 40°C for 14 days except on both MCC films. After 14 days of storage SP dots showed a melted appearance on yMCC and pMCC. In order to detect crystalline areas, we used polarized light (Adler et al., 2015) . SP powder and dried aqueous ink on glass slides displayed clearly visible crystalline areas under polarized light (Fig. 8d) . Interestingly, SP printed on any of the 8 films did not show crystalline areas under polarized light, neither when freshly printed nor after storage at 40°C for 14 days (images not shown). Polarized light images could not evidence crystallization of SP on any of the 8 substrates. To confirm the absence of crystallization, further tests were conducted with DSC, hot stage microscopy and SWAXS enabling a deeper probing of the materials.
Thermal investigations using DSC and hot stage microscopy
DSC measurements were conducted to investigate the solid state of printed SP on the substrates. The results which consist of DSC curves of SP powder, dried SP from aqueous ink and SP ink printed onto the substrates, are presented in Fig. 7 for the case of gelatin. The DSC curves of powder and dried SP showed decomposition at 302 and 297°C, respectively. SP powder showed an additional peak with an onset at 146.4°C and a maximum at 172°C which did not occur in SP from the dried ink. In literature only a decomposition point at 272-275°C was reported for SP (Hager et al., 2003) . In SP originating from dried ink a much flatter peak appeared with an onset at 42°C. When printed onto gelatin SP showed the same flat peak as dried SP ink with an onset at 42°C. The difference between the curve of GE alone and the one for printed SP on GE demonstrates that the printed amount of SP was sufficient to be detected. To further investigate the presence of the peaks observed with DSC between 42°C and 172°C, SP powder, dried SP from aqueous ink and SP ink printed onto GE were analyzed with hot stage microscopy up to 300°C. Hot stage microscopy was performed with normal and polarized light in duplicate. The appearance of SP powder did not change during the heating between room temperature and 180°C excluding that melting took place from 146.4°C on (Fig. 8 a and b) . Indeed, SP powder remained the same till it began to melt and disintegrate between 260 and 300°C. The DSC peak with an onset at 146.4°C could therefore be caused by the apparition of a mesomorphic structure of the SP. This hypothesis seems in agreement with X-ray measurements, see Fig. 11 . For SP originating dried ink, melting could be observed under hot stage microscopy between 20 and 140°C as displayed in Fig. 8d and e. Thus the DSC peak observed around 42°C could be attributed to melting. In the same temperature range, between 40 and 140°C, a morphological change could be observed for SP printed on gelatin ( Fig. 8g and h) in agreement with the DSC measurements. Furthermore, for SP printed on gelatin, no disintegration was observed below 300°C.
3.5. Small-and wide-angle X-ray scattering SWAXS measurements were conducted to investigate crystal structures of SP powder, especially to explain the peak observed with DSC around 170°C, and of SP printed onto the 8 investigated substrates. SP powder showed 12 crystallization peaks within the WAXS curve (Fig. 9) and 2 within the SAXS curve (Fig. 10) . Blank GE film did not show any crystallization peaks in WAXS or SAXS curves nor did any of the other 7 blank films except peaks at ∼25 deg corresponding to TiO 2 (curves shown in supplemental data). The diffractograms of SP on GE filmboth when freshly printed and after storage at 40°C for 14 days did not evidence any crystallization peak. This result should be carefully interpreted since it could also be due to the amount of printed SP, possibly too close to the detection limit. These results were also observed on the 7 other films (see supplementary material). SWAXS curves confirmed, assuming the limit of SP detection was reached, that no crystallization of the printed SP occurred for any of the films even after storage at 40°C for 14 days. In order to investigate the behavior of SP powder between 140 and 180°C and to explain the peak observed with DSC (Fig. 7) , additional SAXS measurements on heated powder were conducted. Between 100 and 140°C the curves remained similar, whereas between 140 and 180°C the peak between number 140 and 145 was elevated by 20 and 30 counts (Fig. 11, circled peak) .
Content analysis of printed samples
SP content assays were performed right after printing SP on the substrates and after storage at 40°C for 14 days. The results of the content assays are displayed in Fig. 12 . The theoretical contents, 100% in Fig. 12 , were calculated using the drop volume determined by the Scienion drop watcher, the amount of printed drops and the SP concentration of the ink. Content assays revealed that the accuracy of printing aqueous SP ink is well within a standard deviation of ± 3% freshly after printing. SP contents decreased slightly on all 8 substrates after storage at 40°C for 14 days. The highest decrease in SP content was observed when printed on pMCC where it dropped from 6.9% followed by List (5.3%) and Tesa (4.9%). On the other substrates the content decrease was less than 5%. After storage at 40°C no peaks of degradation products were found in the HPLC chromatograms. ATR-FTIR measurements were conducted for further investigation of possible degradation of SP printed onto the substrates or chemical interactions between API and the films.
Chemical interactions investigated with ATR-FTIR
ATR-FTIR spectra were taken to identify chemical interactions between SP and the substrates. The ATR-FTIR spectra were made of SP powder, SP printed onto different substrates freshly printed and after storage, and blank substrates. SP displayed the same peaks when printed onto all eight substrates freshly after printing and after storage at 40°C for 14 days (spectra are shown in the supplemental data). These findings indicate that there are no significant chemical interactions between SP and the films. Due to the morphological changes observed with PLM, OCT and SEM for SP printed on the MCC films, further investigations have been performed for these films. Therefore, physical mixtures, 1:1 of SP and the MCC films were prepared and investigated with ATR-FTIR. Fig. 13 displays the spectra of SP printed onto the MCC films; the band assignments are listed in Table 1 according to (George Socrates, 2004; Romani et al., 2016) . As shown in Fig. 13 , the SP spectra were similar in the physical mixture with both MCC films and pure SP. After 14 days of storage at 40°C no chemical changes were detected in printed SP. However, shifts could be observed in the regions of 1279-1259, 165-1051 and, 873-860 cm −1 which have all been assigned to the bonds neighboring pyridines nitrogen.
In vitro evaluation of drug release
Printed SP remained on the surface of the different films and was visible to the unattended eye. Despite SP remaining on the surface, the printed samples displayed differences in drug release (Fig. 14) . HPMC and GE films resulted in slower release when compared to the MCC films, Tesa and List. HPMC and GE substrates formed a clump at the bottom of the dissolution vessel which was not completely dissolved over the course of 120 min. The drug release from HPMC and HPMCT reached a maximum of 89 and 95% within 30 min, GE and GET 89 and 93% within 60 min, respectively. The two commercially available, orodispersible films Tesa and List disintegrated completely within 30 s and 5 min, respectively. The release of SP reached a plateau of ∼98% when released from Tesa and List within 15 and 30 min, respectively. pMCC films did not disintegrate during the dissolution test but appeared to swell and the shape of individual films remained intact. In contrast, yMCC disintegrated into smaller pieces and formed an opaque dispersion within 5 min. Drug release from pMCC and yMCC reached a maximum of ∼97% within 5 and 15 min, respectively.
Discussion
In contact-less printing, such as piezo-electric drop on demand printing used in the study, the drop formation process is independent of the substrate. This means that having developed a printable formulation, printed pharmaceutical dosage forms can be obtained on any pharmaceutical grade substrate, such as polymer-based films. In this work we evaluated different substrates based on their suitability as printing substrates for SP. The different polymer films were compared regarding morphology, chemical stability and dissolution.
The different substrates tested in this study provide a wide range of contact angles and thus wettability. Contact angles were found to inversely correlate with drop areas of freshly printed samples. Theoretical spot diameters predicted from volume conservation and contact angle agreed very well with the observed values except for List and HPMCT. The discrepancies observed for List and HPMCT can originate the local dissolution of the substrate or the release of surface active agents into the freshly printed spot which modify its spreading. The coalescence of SP ink printed onto the substrates was clearly observed for substrates onto which the theoretical spot diameter was close to or larger than 500 µm, the set value of spot spacing. The frequency of spot coalescence increased with an increasing d theo . Numerous coalescence events as observed onto List could also explain the difference between predicted and observed spreading. Thus, except for List and HPMCT, the Eq. (1) can accurately be used to set the minimum spot spacing to avoid spot coalescence for arbitrary spot volumes.
The morphology of the substrate surfaces had an impact on the shapes of the formed dots. Smooth substrates facilitated the formation of circular dots, or dumbbell-shaped when coalesced, with regular edges, while rougher substrates promoted the formation of irregular shaped dots due to the pinning of the contact line. The porosity of yMCC (Planchette et al., 2016) caused the dots of dried ink to vanish from the substrate surface over a course of eight weeks at ambient conditions. Genina et al. (2013) argues that porous substrates are better penetrated by the API containing inks and therefore cause entrapment of the API. However, further studies on the correlation between entrapment and porosity are necessary. The hypothesis of SP migrating into the yMCC matrix is supported by the fact that SP could be recovered from all substrates and no degradation products were found during HPLC measurements. The loss of extracted SP from yMCC could therefore be caused by its diffusion within the film which poorly dissolved during extraction.
SP formed dome shaped dots on the surface of pMCC when freshly printed (Fig. 1, 4 and 6 ) and changed the form over storage (Fig. 5 and  6 ). This indicates that as for yMCC, SP migrates into the film during storage. ATR-FTIR measurements did not reveal any chemical reactions Table 1 Band assignments of ATR-FTIR measurements of SP powder, SP printed onto different substrates according to (George Socrates, 2004; Romani et al., 2016) , bands marked with * exhibited changes after storage at 40°C for 14 days. between SP and pMCC and no degradation products were detected with HPLC. However, shifts were observed for the bands assigned to N-C and CeC stretching in the pyridine ring. The shifts can be explained by the drier state of the samples after storage and the resulting loss of hydrogen bonds between the nitrogen in the pyridine ring and water which alters the characteristics of neighboring bonds (Berezin et al., 2004) . This suggests that as for yMCC, the loss of extracted SP could originate its diffusion within the film which does not dissolve during extraction. pMCC being more hydrophobic than yMCC, the pMCC substrate dissolves less efficiently than the film made of yMCC, as expected and experimentally observed. Consequently, SP must diffuse through even larger pieces of undissolved film which constitute a thicker diffusion barrier for pMMC and leads to more significant losses during its extraction.
An important aspect of pharmaceutical dosage forms is the solid state of the API since it influences the solubility and thus bioavailability (Lust et al., 2013; Martínez et al., 2014) . Using the design of the samples characterized by optical and electronic microscopies, the amounts of printed SP were below the detection limit of SWAXS and DSC which also happened in other studies about printed APIs (Buanz et al., 2011) . Printing larger amounts of SP enabled its detection with DSC. However, the absence of crystallization peak in the SWAX diffractograms must be carefully interpreted since the printed amounts of SP may have remained too close to the detection limit. Printed SP was detectable with polarized light microscopy and no indication of crystalline areas within the printed API on any of the eight substrates was found with PLM. This might be due to the small volume of the printed aqueous ink. The deposited drops had a volume of 7.2-8.6 nl and therefore, the solvent evaporated too rapidly to leave the drug molecules enough time to organize, resulting in the formation of amorphous solid dots of SP. When printed on glass slides, SP only crystallized if higher volumes of ink were printed on the same area and drops coalesced to a combined volume of about 4.5 µl. Buanz et al. (2015) compared oral films of clonidine hydrochloride with the drug either incorporated into the films by solvent casting or printed on top of the films (Buanz et al., 2015) . Crystallization of the drug was only found in the cast films and not when smaller amounts of ink were printed allowing the solvent to evaporate quickly. However, humidity may have an influence on long term stability.
The different substrates showed different release profile of SP from the printed dosage forms, although the API was primarily located on the surface of the films. As expected, the fast dissolving films, Tesa and List, caused faster drug release and gelling polymers, such as GE and HPMC caused slower release. Tesa and List disintegrated rapidly causing an increase in specific surface area and therefore, SP was dissolved quickly. GE and HPMC formed clumps at the bottom of the dissolution vessel which may have entrapped SP causing slower drug release. Interestingly, the addition of 2% TiO 2 to GE or HPMC accelerated the release and raised the maximum amount of released drug by 5%. pMCC did not disintegrate at all and yMCC disintegrated into small particles forming an opaque suspension during dissolution. However, the drug release from the MCC films was the fastest of all eight films. This may happen due to two reasons: firstly, SP is visible on the surface of MCC films when freshly printed and secondly, MCC films are porous (Planchette et al., 2016) . Molecules situated at the surface of the film and in pores are in contact with the liquid bulk in which they are released without diffusing through the solid matrix. This could be responsible for faster release.
Model APIs with different crystallization behavior need to be investigated regarding their behavior when printed onto different substrates. The impact of TiO 2 on wettability and dissolution needs to be elucidated further.
Conclusion
Ink jet printing of aqueous SP inks provides good stability and content uniformity by generating stable drop volume over contactless jetting. The morphology and size of the printed API drops depend on the surface of the substrates and it is crucial to understand the interactions between the API and the substrates to ensure good dosage form quality. The investigated substrates did not lead to the formation of crystalline domains within dried SP drops in contrast to inert substrate such as glass. Thus, the investigated substrates can be considered as efficient excipients to inhibit the undesired crystallization of SP under the conditions we have been using them. Furthermore, no chemical interactions were observed between the API and the films. The study showed that the drug release of printed APIs can be influenced by the nature of the substrate and that printed APIs can be monitored for quality analysis purposes with OCT and standard methods. All substrates investigated in this study can be employed to be a printing substrate for SP.
